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ABSTRACT 

Pyrolyzers, hydrogen flame detectors and supporting 

gas systems were investigated as part of a continuing 
program to develop a spaceworthy Pyrolysis/Hydrogen Flame 
Ionization Detector (FID) for use in an organic carbon 
detection system. Various configurations and arrangements 
for each subsystem of the FID were investigated at the 
outset. As anticipated, evidence gathered early in the 
program fully supported the belief that the operation of 
a sensitive FID unit on the Martian surface would require 
fundamental design changes in detector elements currently 
in use. The program accordingly evolved primarily into a 
study of the basic operational and performance character- 
istics of hydrogen flame ionization detectors. Theoretical 
studies and analyses were correlated with laboratory experi- 
ments in order to design and breadboard a pre-prototype 
detector. Results of the study were twofold. First, it 
achieved the unification of hydrogen flame ionization 
detector technology. Second, it produced an improved 
detector which ignites and sustains a flame at low pressures 
and is generally superior to the best commercial detectors 
available. Extension of this work should lead to a proto- 
type flight detector suitable for various space missions. 



, This document contains the findings and conclusions ' 

resul'ting from a research program conducted for the Xational 
Aeronautics and Space Administration by Analog Technology 

Corporation under NASA Contract NASW-1805, dated 17 September 
1968. The program was directed towari the development of 
a PyrolysislMydrogen Flame Ionization Detector for use in 
an organic carbon detection system on a MARS lander mission. 

I 
The purpose of preliminary life detection experiments 

on the initial MARS lander will be to detect and analyze 
life-derived organic matter in the soil. One of the most 

I .  compatible experiments for this purpose is one utilizing a 
pyrolyzer/hydrogen flame ionization detector system. With 

i - this system, a mechanically-processed soil'sample is injected 
into the pyrolyzer where it is heated in a closed atmosphere 

1 
t to a specific temperature. Organic matter in the soil 
1 .  sample is transformed to hydrocarbon vapor in an amount 

i proportional to its concentration in the sample. The hydro- 
carbon vapor is transported to the hydrogen flame ionization 
detector (FID) which yields a signal proportional to the total 
number of hydrogen-carbon (C-H) bonds contained in the vapor 

sample. 

The pyrolyzer/hydrogen flame ionization detector 
organic analyzer system is comprised of four functional 
subsystems: the sample injection system; the gas-handling 1: 
and pneumatic system; the pyrolyzer; and the flame ionization 1 
detector. Each subsystem was investigat,ed, and various con- ! 
figurations and arrangements were studied. However, the FID i 
itself determines most of the design constraints of this 



and the other subsystems and, to a large extent, establishes 
the overall performance characteristics of the analysis system. 

Although preliminary studies were performed on the various 
subsystems, it was determined early in the program that opera- 

tion of t h c  FID in essentially a vacuum environment would 
require fundamental changes in existing detector designs. 
Thus, the program evolved primarily into a study of the 
operational-and performance characteristics of hydrogen 
flame ionization detectors. 

Basically, the FJD portion of the study consisted of 
- the following: 

Literature survey and discussions with manufacturers 
of commercial FIDts. 

Detailed theoretical analysis of FID operating 
characteristics and mechanisms. 

Correlation of the theoretical analysis with 
experimental results obtained from laboratory 

tests performed on several commercial' detectors. 

Extension of the theoretical analysis to the 
design of spaceworthy prototype detector. 

Tests of the prototype detector. 

\ 

Recommendations for further areas of investigation 
related to refinement of the detector into a 
completely spaceworthy FID. 



The expcrimcntal study was conducted under two environ- 

ments: standard conditions of temperature and pressure; and 

vacuum. Four comrncrcial detectors were studied: Mino-Tek 
c 

standard thermionic detector; Reckman GC-4; Perkin-Elmer 900; 
and Perkin-Elmer 226. Each of these detectors was character- 

ized according to its respective current-voltage curves under 
the following parametric variations: 

Voltage: 0-500 V 

Hydrogen flow rate: 0-100 cc/min 

Oxygen flow rate: 30-150 cc/min 

Helium flow rate: 0-150 cc/min 

Organjc sample: methane in hydrogen at 0.2 and 
5.0 mole percent. 

- 
Environmental pressure: 0-760 mm Hg 

pressure-ignition characteristics of the two Perkin- 
Elmer detectors, which provided the best basis for the evaluation 
of existing detectors, were as follows: 

Perkin-Elmer 900 

The ignition pressure limit was 250-300 torr with a 
3-to-1 flow ratio of oxygen and hydrogen. Gas flow was 

reduced by a factor of 4 to achieve limit. Minimum hydrogen 

flow was 15 cc/min. 



Ambient reduced pressure limit to sustain flame was 

200 torr at a hydrogen flow rate of 15 cc/min. The flame 
was ignited at 760 torr and ambient pressure was gradually 
reduced. At 100 torr, the flame appeared diffused. 

Yerkin-Elmer 226 

Ignition and flame reduced pressure limits were approxi- 
mately 100 and 50 torr less than for the Perkin-Elmer 900, 
respectively. The flame detached at approximately 100 torr 
and was less severe with pure hydrogen. Detachment distance 
appeared to be a function of jet-tip temperature. kt 45 torr, 
the flame was a blue haze surrounding the cathode. The 
hydrogen flow rate at'25 torr was approximately 30 cc/min. 

Larger flow rates undoubtedly due to the action of the detector 

chamber flaw restriction. At 2 torr, the electrode was relatively 
hot due to catalytic combustion ac the platinum surface. 

Increases in pressure to approximately 75 torr reignited the 
flame. With further increases, the flame reattached itself 

to the jet tip. 

The analytical and experimental results demonstrated 
the magnitude of the problems at reduced pressure. Ignition 
and flame combustion in vacuum are possible only in a pres-, 
surized FID unit combustion chamber. A special pre-prototype 
degector for operation in a vacuum was therefore built to 
demonstrate the feasibility of operation. The sensitivity 
response of this detector at an environmental pressure of 
1 atmosphere was 0.17 coulomb/g-atm C, which is superior 
to that of most commercial detectors. 



The tests results at reduced pressures for the newly 
designed detcctor were: 

* 

(1) The detector sustained flames to envircnmental 

pressures of 3 torr. 

(2) The detector ignited at sll pressures and m u l d  
sustain a flame below 200 torr with a cold 

detector. 

(3) At detector temperatures higher than 170"~ 
reliable ignition was achieved and a flame was 
sustained at pressures to 3 torr, 

, 



A hydrogen:FI~ is comprised of fiye functional elements: 

the flame; the ignitor; the collecting electrodes; the detector 

chamber; and the fuel and oxidant gases. The functional inter- 

dependence o f  t.hese elements dictates the operational and 

performance characteristics of an FID unit. Thus, it became 

essential during the study to develop a basic understanding 

of the flame characteristics and their interaction with the 
remaining FID elements. This task became more difficult as 

the study progressed Cue to the absence of any unified treat- 

ment and/or thinking on the subject in the scientific community. 

There are essentially tho types of flames which can be 

employed in this application, namely, premixed and diffusion 

flames. In a premixed flame, the hydrogen and oxygen gases 

are mixed in combustible proportions prior to burning at 
- 

the jet tip exit. The mixing process in a dizfusion flame 

is accomplished by a counter-diffusion mechanism of the 

combustion reactants and products at a region in the flame 

referred LO as the reaction zone. Although each type of 

flame has distinguishing characteristics,, the study showed 

that some characteristics are comiion to both flames. The 

diffusion region of premixed flames is located in the region 

surrounding the inner cone. The premixed region of diffusion 
j 

flames is located on the outer surface at the base of the ; 1 

flame. Analytical and experimental investigations show that I 

these dual properties are very important to the stability 

and combustion elficiency of the flames under reduced pressures. 



Premixed flames are primarily characterized by the 

propagation velocity of the flame-front. The flame-front 

propagxtion velocity of a hydrogen-oxygen flame is approxi- 
mately 20 cm/s. A stationary flame at the jet tip is, 

therefore, maintained by matching the gas velocity to 

the flame-front propagation velocity. A negative or 
positive velocity imbalance will result in the flame 

striking down the jet tip or flame detachment, respectively. 
The flame-front propagation velocity is also important in 
establishing the location of the detector ignitor, which 
will be discussed later. 

Premixed flames are decidedly more turbulent and 
the flame noise is correspondingly greater, i.e., there 
is a significant variation in the ion production rate 
with time. This behavior reduces the signal-to-noise 
ratio of the detxtor. The largest part of the noise arises 
in the inner cone of the flame, while that of the diffusion 
region is relatively small. It is essential that premixed 
flames be provided with an atmosphere that can support 
the diffusion flame combustion. Otherwise, premixed 
flames exhibit poor combustion efficiency which, in a 

pressurized chamber, will result in periodic explosions 
similar to those experienced with internal combustion 

engines. 

Thus, the single advantage of a premixed flame cannat 
be exploited in this application because, at a minimum, two 
separate gas supplies and streams must be provided to furnish 
the detector with a useable flame. The pneumatic subsystem 

cannot be simplified over that of a detector utilizing a 
diffusion flame. 



Diffusion flames are more difficult to characterize, 

because no single set of paranlcters peculiar to this type 

exists. However, diffusion fl-:.c: combustion may be 

adequately described by considerjng the mass and energy 

transport processes supporting t L e  reaction. Diffusion 

flames are stationary in the s e m ?  that there is nothing 

about them that is remotely analogous to a flame-front 

propagation velocity. The combc3cion reaction occurs on 

a closed surface near the surface of the flame. Since 

the concentrations of hydrogen and oxygen molecules at 

the reaction zone are zero, a hydrogen and oxygen diffusion 

potential is established. The radial distance of the 

reaction zone from the axis of thc flame is determined 

by the difference in the diffusioil. coefficients and, to a 

lesser degree, by the thermal effects introducedby the 

heat capacity and thermal conductivity of hydrogen, water, 

oxygen, and diluent molecules. A t  the reaction zone, 

water vapor is also diffusing outward. It should be noted 

that the diffusion proccss descriLea above results more 

from eddy diffusion than from a molecular diffusion process. 

The height of a diffusion flame is related to other para- 

meters by the expression 

where h = flame height 

q = hydrogen volume flow rate 

K = thermal diffusivity 



'SHZ 
= mole f r a c t i o n s  of hydrogen i n  a  

s t o i c h i o m e t r i c  mixture  

' ~ 2  = o r i g i n a l  mole f r a c t i o n  o f  hydrogen 

I I The above e q u a t i o n  i s  a  s i m p l i f i c a t i o n  o f  t h e  mass 

t r a n s p o r t  p r o c e s s e s .  However, t h e  e q u a t i o n  g i v e s  an 

i n d i c a t i o n  of t h e  e f f e c t s  of  j e t  t i p  d i amete r  and ,  t o  some 

e x t e n t ,  t ? e  i n t r o d u c t i o n  o f  hel ium a s  a  f u e l  d i l u e n t .  The 

i mass and energy exchange a t  t h e  r e a c t i o n  zone w i l l  b e  
I 

d i s c u s s c ?  i n  more d e t a i l  i n  a l a t e r  s e c t i o n .  

Ancther  impor tan t  a s p e c t  o f  t h e  d i f f u s i o n  f lame i s  

t h e  premixed r e g i o n  a t  t h e  b a s e  and i t s  e f f e c t s .  The 

hydrogen-oxygen mixing i s  p r o m # ~ t e d  by t h e  n e g a t i v e  p r e s -  

s u r e  c o e f f i c i e n t  which i s  induced i n t o  t h e  expanding 

hydrogen. Undoubtedly, t h e r e  i s  l o c a l  r a d i a l  f low o f  

oxygen a t  a  r a t s  exceeding  t h e  l o c a l  r a t e  o f  combustion. 

The p r o p e r t i e s  o f  t h e  f lame a t  i t s  b a s e ,  t h e r e f o r e ,  a r e  

t h o s e  o f  a  premixed f lame.  

IGNITOR 

The i g n i t i o n  o f  t h e  FID f lame i s  accomplished by 

1 
adding  energy t o  t h e  combust ib le  mixture  a t  a  s u f f i c i e n t  

r a t e  t o  r a i s e  t h e  t empera tu re  of  t h e  m i x t u r e  t o  i t s  
k i n d l i n g  p o i n t  ( t h i s  i g n i t i o n  is  accomplished on ly  w i t h  

I a premixed f l ame) .  There a r e  two fundamental  t y p e s  o f  

f lame i g n i t o r s  which may be  employed: a  h o t  w i r e ,  and a 

E s p a r k  i g n i t o r .  The two t y p e s  d i f f c r  o n l y  i n  t h e  manner 

i n  which energy  i s  i n t r o d u c e d .  Upon i g n i t i o n  o f  t h e  



combustible mixture, a flame-front with a propagation 

velocity of approximately 20 cm/s radiates in all directions. 
This flame-front is extinguished only when it reaches a 
region where its composition is outside its flammability 

I limits. The flame can also be extinguished if it traverses 
a region where energy is exchanged at a sufficiently high 
rate from the flame-front to the surroundings so that a 
drop in temperatura below its burning temperature occurs. 
(Examples of this phenomenon are the operation of flame 
arrestors and safety lamps of the type used by miners.) 
The relationship between the flame-front energy transfer 
rate and extinction a f  the flame is characterized by a 
parameter called the gas-quenching volume or diameter. 

Several experimental arrangements can be employed to 
measure the gas-quenching volume. The one most commonly 
utilized is the flat-plate propagation volume where a 

flame-front propagates through the cavity. The plates 
are moved closer and closer togethercntil it is impos- 
sible to transport the flame through the cavity. The 
perpendicular distance separating the two plates is the 

quenching diameter of the flame. This means that the 

electrode system surrounding or adjacent to the flame 
must be designed to prevent quenching of the ipition flame. 
Further study showed that a reliably-igniting detector will 
operate at cross-purposes to an efficient ion collection 
system. Thus, a flame completely enclosed by an ion collecting 
surface will quench the ignition flame-front when its effective 
separation is less than the quenching diameter of the gas 
mixture. 

The quenching diameter is the function of-gas total 
pressure which was found to be inversely proportional to 



the cube of absolute pressure. A detector operating at a 

total pressure of 1/2 atmosphere will require a minimum 

electrode spacing eight times larger than that of a detector 

operating at 1 atmosphere. It is obvious that there will 

be separation limits placed on the electrode system other 

than those imposed by thernionic emission. It is possible 

that only a minor reduction in flame n o i ~ e ~ c a n  be accomplished 

by shrouding the flame because of the ignition reliability 
problerils. Some of these problems may be alleviated by 

operating at a higher pressure which will induce larger 

and more severe free-convection currents as will be discussed 

later. 

The most reliable ignition element which nay be employed 

in this application is a hot wire surface. It is superior 

to a spark ignition system, because the associated equipment 

and elements required to produce the high temperature surface 

are simpler than those of a sparking system. Also, recharging 

and discharging of condensers will not be required. An added 

reliability factor can be included with a hot wire ignitor 

by fabricating the hot wire of a material which will promote 

catalytic combustion. The most likely catalytic materials 

are platinum and palladium. In the event that the ignitor 

heating system fails, the heat of reaction produced by the 
catalytic combustion of hydrogen and- oxygen on the catalytic 

surface is sufficient to raise its temperature to that required 

to ignite the gas mixtare. 

Aside from the quenching problem,, it was experimentally 

demonstrated that the location of the ignitor surfaie may be 
important in the design when not maintained within given limits. 



The velocity of the combustible gas mixture at any point 
between the ignitor suriaze and the detector jet tip must 

never exceed the propagation velocity of the flame-front. 
In fact, the velocity should be much less in order to assure 
reliable ignition. The flame-front velocity is approximately 
equal to the vclocity of the gas at the jet tip. Deviations 

from this equilibrium condition will allow.the flame to strike 

back down the detector jet tip or the flame will detach itself 
and stabilize at some position above the jet. The equilibrium 
position is deter~nined by the exchange of the gas from the 
jet tip. As the gas expands, the velocity is reduced to the 
point where it is equal to the flame-front propagation velocity. 
This discussion applies only to diffusion flames because of 
the premixed nature of a diffusion flame. 

The location of the ignitor surface is also important 
from the standpoint of ignition explosion. It can be seen 
that, as the ignitor surface is moved away from the main gas 

stream, a more or less homogeneous mixing of hydrogen and 
oxygen will occur throughout the volume of the chamber. Thus, 
a large pressurized chamber with the ignitor at a relatively 
large radial distance from the jet tip could easily ignite 

with a violent explosion. It is not desirable to permit 
ignition in this fashion, unless the chamber length-to-diameter 
ratio is within specific limits. 

The temperature of the ignitor wire is ordinarily main- 
tained at several hundred degrees above the ignition tempera- 
ture of the gas. The wire temperature,is established by the 
heat transport properties of the gas mixture, the surface area 
of the wire, and the velocity of the gas. More accurately, 
the temperature of the ignitor is related to Nusselt, Prandtl, 



and Reynolds nunibers. The gas velocity, density, and other 
properties can be related to the geometry of the ignitor 

and the final burning temperature as 

where Tb = final burning temperature 

E = activation energy of the chemical 
reaction 

R = gas constant 

y = kinematic viscosity 

D = diameter of the wire 

W = rate .of reaction (burning) 

B 4 A = constants related to the reaction 
order ( B = 1 / 2 ,  A = l  for Hi=1/2 
02=H20 

Equation (2) is utilized in the heat balance relation- 
ship at the ignitor surface relating the dimensionless moduli 
cited above. 

where q = ignitor power 



= ignitor surface area 

= gas mixture viscosity 

= ignitor surface temperature 

= burning temperaute 

= gas mixture Prandtl number 

= gas mixture ~eynolds number 

= constants depending upon temperature 
and Reynolds num5er range 

Equation (3) is used to compute the ignitor power require- 
ments. The local Reynolds number adjacent to the ignitor 
surface should be used in this noted equation. 

COLLECTING ELECTRODES 

The design of the collecting electrodes must incorporate 
features which provide maximum sensitivity and, at the same 
time, promote aerodynamic'conditions to prevent the internal 
circulation currents in a pressurized combustion chamber 
from disturbing the flame.. Also, the electrode spacing or 
diameter in the core of a cylindical electrode must be 
greater than the quenching diameter of the gas mixture 

( = 0.1 @ 1 atm). 

The electrode efficiency and collecting characteristics 
can be assessed by utilizing the sensitivity parameters 



and the I - V  properties. The sensitivity is the measure of 

the total number of coulombs collected by the electrode for 
every g-atm of carbon through the flam;, i.e., coulombs/g-atm. 
At atmospheric pressure, utilizing optinurn flow rates of 

hydrogen, helium and oxygen, the sensitivity parameter is 
near 0.2 - 0.5. The shape of the detector current-voltage 

curves in the plateau region and/or the voltage of the knee 

can also be employed to establish the degree of competitive 
collection, thermionic emission, ion blow-by and, in some 
cases, the detrimental influences of the space charge. An 
I-V curve with a positive linear slope in the plateau region 
is characteristic of thermionic emission. An I-V curve with 
a negative slope in the plateau region is characteristic 
of competitive collection. An I-V curve without a knee 
or plateau but with a positive low-level slope ordinarily 
indicates ion blow-by. All the detectors investigated were 
characterized in this manner. 

In order to establish the electrode system's theoretical 
performance limits and the relative importance of its para- 
meters, an investigation of the electrode process was conducted. 
The results of the study will be exceedingly valuable in the 
design of the electrode system for the flight prototype detector. 

Ion blow-by and space charge effects may establish the 
electrode geometry and, perhaps the oxygen flow rates. It 
is anticipated that the ion collecto: may approximate a hollow, 
small-diameter (D = 0.1 cm) cylinder which complztely surrounds 

the flame over its entire length. The jet tip could be the 
electron collector. The oxygen will flow through the cylinder 
and prevent or minimize the effects of circulation within 
the chamber. Care must be exercised to maintain a favorable 
oxygen flaw condition (Re < 100). 



~t was analytically determined that the space-charge 
problem which can assert itself is chiefly concerned with 
the electrode gcomctry. Since the flame is a relatively 
good conductor, the electric field in it is zero and the 

small voltage drop is due only to ohmic drop. Therefore, 

the ion currents are diffusion-limited and can be expressed 

by: -- -- 

where I = ion current 

S = area of the electrode surface 
sheath established by the space 
charge 

N+ = average ion concentration in the 
flame 

e = electronic charge 

K = Boltzmans constant 

T+ = ion temperature as defined by 
Langmuir probe experiments 

M = ion mass 

In cases where the inside surface of small-diameter 

cylindrical electrodes are employed, it was observed that 
the diffusion-limited current as defined by equation (4) 
is a decreasing function of electrode voltage. This 
behavior is primarily due to the increase in the electrode 



sheath thickness with voltage. Thus, whcn utilizing the 

inside surface of a cylinder, the diffusion Grea (S) is 
reduced by a corresponding amount. 

THE DETECTOR CILUIBER 

The primary design consideratiol-s of the detector 
chamber were those associated with its ternperaturc, water 
condensation, and aerodynamic properties. 

The chamber design incorporated features which 
provided a minimum disturbance to the flame and permit- 
ted the detector chamber to reach temperatures near 
110' C as rapidly as possible in order to prevent water 
condensation in the pressurized unit. Specially-located 
dead-volume chambers and/or circ~lation baffling systems 
may also have to be provided to dampen the circulation 
currents. 



I I I. qETEC1'OR SENSITIVITY AND F L A W  NOISE 

The detector sensitivity and flame noise are related 

to the ionization process in the flame. The detector 
sensitivity can certainly be increased by factors nearing 
100 by altering the ionization kinetic parameters. The 

noise of flames burning in a prcssurized chamber is of 

large amplitude and relatively low frequency (2 - 3 Hz). 
It is also believed that the flaw noise can be attenuated 

to some degree by controlling the kinetic parameters of 
the flame. 

IONIZATION MECIfANISN 

The process by which ions are formed in flames has 

been in dispute for several years. However, it has been 

quantitatively described as a chemi-ionization process. 
Several theories based on specialized energy exchange 
processes due to thermal energy transfer could not be 

used to prove that sufficient energy is available to 
produce the number of ions which had been measured in 
flames. Other theories related to impurities arising 

from carbon particles, sodium, potassium, and other 
elements have also met with failure in this respect, that 

is, the number of ions produced does not nearly match the 
concentration level measured by experiments. 

The chemi-ionization process explains both the 

qualitative and quantitative aspects of the mechanism. 



It is believed that suificient energy is imparted to 

a given nurnber of hydrocarbon molecules existing in 
the complex activated state to induce a transition to 

the ionized state of approximately 13.29 eV. The 

concentration level of hydrocarbon ions predicted by 

this method is approximately that found by experimental 

means, which is 1 x lolo ions per cc. These considerations 

show that only a very small fraction of the total number . 

of hydrocarbon molecules available is ionized. The mole 

fraction is approximately 10'~. This discussion indicates 
that a hydrogen flame ionization detector can be made more 

sensitive to the detection of hydrocarbon molecules only 

by increasing the fraction of ionized hydrocarbon molecules. 

In many respects, some apparent sensitivity can be realized 

by increasing the fuel flow rate to the detector. This 
technique, however, is usually misleading for continuous 

measurements, primarily because the amount of sample 

increases with the hydrogen flow rate. In special 
applications where a pyrolyzed sample of hydrocarbon 
is injected into the hydrogen stream, the total number 
of coulombs produced is proportional to: the total number 
of hydrocarbon molecules ionized; the concentration of 

hydrocarbom molecules that have been pyrolyzed; and a 
combination of these two things. The total number of 
hydrocarbon molecules ionized from a given sample is 

proportional to the structure and temperature of the 



flame. Since a diffusion flame is best suited for flame 

ionization detectors, the structure of the flame may 

be characterized by the total area of the flame reaction 

zone. Some errors are introduced in applying this rule 

because a vertical concentration gradient of ions 

which is a function of the flame height, exists in 
the reaction zone. 

A t  a reduced pressure of about 0 . 5  atmosphere, the 

ion concentration for the steady-state condition may 

change by a factor of 3, with the greater concentration 

of ions existing near the jet tip. Several means by 

which the flame structure can be altered to produce a 

larger reaction zone surface area are available. The 
most common technique employed for commercial applications 

is the use of helium gas as a fuel diluent. Detector 

sensitivity has been increased by an order of magnitude 

by diluting t h e  hydrogen with approximately one-third 

helium. The sensitivity of the detector was increased 

from 0 . 0 2  coulomblg-atm C to 0 . 2  coulomb/g-atm C. , 

Again, this increase in sensitivity is accomplished by 

altering the structure of the flame reaction zone. Not 

only is the area of the reaction zone increased but there 

is sound evidence that the reaction zone becomes more 

diffuse or thicker with the amount of helium in the 

fuel. The sensitivity ordinarily increases with the 



a d d i t i o n  of  ' t he  hel ium u n t i l  a  peak s e n s i t i v i t y  i s  r eached ;  

beyond t h i s ,  t h e  f u r t h e r  a d d i t i o n  o f  hel ium causes  a  

d e c r e a s e  i n  s e n s i t i v i t y .  S e n s i t i v i t y  d e c r e a s e s  a r e  

caused p r i m a r i l y  by a  r e d u c t i o n  i n  t empera tu re  o f  t h e  

r e a c t i o n  zone due t o  i t s  having  a  h i g h e r  thermal  con- 

d u c t i v i t y  than  t h a t  of w a t e r  vapor  and oxygen. 

The t r a n s p o r t  p r o p e r t i e s  of  hydrogen and he l ium a r e  

r e l a t i v e l y  s i m i l a r  when compared t o  oxygen, n i t r o g e n ,  

carbon d i o x i d e  and w a t e r  vapor .  T h e r e f o r e ,  i t  i s  a p p a r e n t  

t h a t  t h e  pr imary changes i n t r o d u c e d  by he l ium a r e  e f f e c t i v e  

on ly  i n  t h e  p roduc t  s i d e  of  t h e  r e a c t i o n  zone. Aside  

from t h e  f a c t  t h a t  an a d d i t i o n a l  amount of i n e r t  mass 

must be hea ted  t o  t h e  r e a c t i o n  t empera tu re  by  t h e  h e a t  

o f  combustion, t h e  the rma l  d i f f u s i v i t y  and t h e  d i f f u s i o n  

c o e f f i c i e n t  on t h e  p roduc t  s i d e  a r e  g r e a t l y  a l t e r e d .  

Hydrogen, hel ium and t h e  o r d i n a r i l y  s m a l l  amount o f  hydro-  

carbons  and some i m p u r i t i e s  d i f f u s e  from t h e  c o r e  o f  t h e  

f lame i n t o  t h e  r e a c t i o n  zone. On t h e  p roduc t  s i d e ,  wa te r  

vapor ,  C02, unburned hydrocarbons and i n t e r m e d i a t e  p r o d u c t s  

d i f f u s e  away from t h e  r e a c t i o n  zone and t h e  oxygen d i f f u s e s  

toward t h e  r e a c t i o n  zcne.  Helium, when p r e s e n t  i n  t h e  

hydrogen s t r eam,  a l s o  d i f f u s e s  away from t h e  r e a c t i o n  zone 

on t h e  product  s i d e .  The p resence  o f  hel ium v e r y  d e f i n i t e l y  

a l t e r s  t h e  p r o p e r t i e s  o f  t h e  system on t h a t  s i d e  o f  t h e  

r e a c t i o n  zone. The thermal  c o n d u c t i v i t y  of  hel ium i s  



approximate ly  10 t imes  g r e a t e r  than  t h a t  o f  t h e  o t h e r  

g a s e s  p r e s e n t  and i t s  d i f f u s i o n  c o e f f i c i e n t  i s  approx i -  

mate ly  5 t imes  g r e a t e r .  I t s  h e a t  c a p a c i t y  is  a l s o  5 i imes 

g r e a t e r .  

A q u a n t i t a t i v e  d e s c r i p t i o n  o f  t h e  k i n e t i c  changes 

i n t r o d u c e d  by hel ium can be d e s c r i b e d  by c o n s i d e r i n g  t h e  

mass and energy t r a n s p o r t  mechanisms i n  t h e  system. Most 

of  t h e  changes occur  on t h e  p roduc t  s i d e  o f  t h e  r e a c t i o n  

zone. However, t h e  i n c r e a s e  i n  t h e  t o t a l  s u r f a c e  a r e a  of  

t h e  r e a c t i o n  zone i s  induced by t h e  d i f f e r e n c e  i n  t h e  

d i f f u s i o n  c o e f f i c i e n t  o f  hel ium and hydrogen i n  w a t e r  

vapor  a s  opposed t o  t h e  d i f f u s i o n  c o e f f i c i e n t  of wa te r  

vapor  i n  hydrogen. Al so ,  i t  i s  apparen t  from d i l u t i o n  

c o n s i d e r a t i o n s  a l o n e  t h a t  a  l a r g e r  a r e a  w i t h  a  g r e a t e r  

t r a n s p o r t  d i s t a n c e  w i l l  be  r e q u i r e d  t o  a t t a i n  a  s t o i -  

c h i o m e t r i c  mixture  w i t h  hydrogen and oxygen. Th i s  t r a n s p o r t  

d i s t a n c e  i s  a  l o g a r i t h m i c  f u n c t i o n  of t h e  f lame r e a c t i o n  
zone r a d i u s ,  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  hel ium i n  hydro-  

gen,  and t empera tu re .  The s e n s i t i v i t y  i s  a l s o  i n c r e a s e d  

by a  f a c t o r  p r o p o r t i o n a l  t o  t h e  i n c r e a s e  i n  t h e  h e i g h t  o f  

t h e  f lame.  The i n c r e a s e s  i n  s e n s i t i v i t y  due t o  t h e  f lame 

h e i g h t  a r e  a l s o  r e f l e c t e d  i n  t h e  i n c r e a s e s  i n  r e a c t i o n  

zone a r e a  and a r e  approximate ly  e q u a l  t o  t h e  r a d i a l  i n c r e a s e s .  

F u r t h e r  a n a l y t i c a l  i n v e s t i g a t i o n  was conducted t o  

e s t a b l i s h  t h e  f e a s i b i l i t y  o f  i n c r e a s i n g  t h e  d e t e c t o r  

s e n s i t i v i t y  by i n c r e a s i n g  t h e  f lam3 r e a c t i o n  zone a r e a ,  

such  a s  w i t h  a  f l a t  f lame p o s s e s s i n g  a  l a r g e  a s p e c t  

r a t i o .  C a l c u l a t i o n s  demonst ra ted  t h i s  f e a s i b i l i t y ,  a s  

w e l l  as r e v e a l i n g  t h e  f a c t  t h a t  t h i s  approach o f f e r s  

d i s t i n c t  advantages i n - t h e  i o n - c o l l e c t i o n  e f f i c i e n c y  of  



the electrodes. Howevei 

, 

r, for the re1 ati vely low-volume 

flow rates in an FID, there is no aerodynamic difference 
between conical and flat flames for aspect ratios of 20 

and below. 1t- was c'oncluded that aspect ratios greater 

than 100 were required to fully exploit the advantages 

of a flat-flame. The approximate dimensions of a flame 

holder for this aspect ratio would be 0.635 cm by 0.0635 mm. 

A flat flame holder utilizing these dimensions was fabricated 

and tested. The volume flow rates and Reynolds number were 

equivalent to those of the jet tip in the GC-4 detector. 
It showed a sensitivity parameter cf one-half that of the 

conical. However, it was later established that approxi- 

mately 90% of the sample was lost through leaks. Attempts 

to seal the flat-flame holder failed. The test results, 

nevertheless, were very encouraging. 

FLAME NOISE 

There are ordigarily two mechanisms which contribute 

to the detector signai-to-noise ratio. Associated with the 
normal pyrolyzed sample is a blank noise reading which is 

as yet not satisfactorily explained. The signal current 

normally associated with the blank reading is approximately 

10-l2 A. This level varies considerably with the' thermal 

history of the pyrolyzer-sample injector system, the 

cleaning procedures employed, and, in some instances, 

the particular geographic region of operation. The blank 

background current level must be quantitatively explained 

in order to promote more accurate sample determinations. 
Several theories attempting to explain the properties 

and sources of the blank have recently been proposed. 
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The theory gaining most popular favor is that associated 
with a contamination process which arises from adsorbed 
molecules on the ::urface of the kinetic elements of the sys- 

tem. Regardless of the source, the nature of the impurities 
remain unexplained. For example, hydrocarbon impurities 

would seriously limit the sensitivity of the detector, 
because procedures implemented to increase the current 
level will also increase the signal-to-noise ratio of 

the detector, that is, amplification of the current level 
would also promote amplification of the blank background 
level. A simple test can be devised to identify the hydro- 
carbon origins of the impurities. If, indeed, the impurities 
are hydrocarbons, then it is probable that only a small 
fraction of the total number arc ionized in the flame. 
Thus, the addition of helium to the fuel hydrocarbon 
mixture would certainly ionize a greater fraction in the 
flame. To relate the background blank current level to 
the helium flow rate into the detector would be a simple 

matter. 

Another proposal suggests that the blank current 
level may be due to potassium and sodium impurities. The 
fraction of potassium and sodium molecules ionized in the 
hydrogen flame is almost complete. Thus, additions of 
helium and any other means which may be employed to increase 
the flame reaction zone surface area would not produce an 
increase in the blank background current level. 

Another anomalous characteristic of the blank reading 

is its lack of consistency. Contamination by hydrocarbons 
in the preceding samples would probably not produce these 

variations. The adsorbing and deadsorbing properties of 



of the construction materials used in the pneumatic and 

sample-handling system of the FIU unit are priniarily 

well establishcd and their characteristics well-known. 

A more serious source of flame noise arises from the 

aerodynamic disturbances in the FID chamber as mentioned 
earlier. A hydrogen frame is usually operated in the 

laminar flow region well below a Reynolds number of 2200. 
The commercial hydrogen flame detectors investigated in 

this study all operated below 320. Thus, flame noise 

due to disturbances between the flame and the supporting 

atmosphere is minimized. The aerodynamic noise is that 

induced by gas circulation currents in the detection 

chamber which become more severe as the pressurized 

chamber vent is reduced in size. For a pressurized detec- 

tor such as that operating in a vacuum, the equilibrium 

vent diameter is approximately 0.010 inches, and erratic 

unpredictable aerodynamic disturbances ensue. The flame 

noise arises from the interaction of the flame with the 

recirculating gas. Changes in the flame reaction zone 

surface area are induced. Under ordinary near-steady- 

state conditions, a low-frequency, large-amplitude noise 

has been observed in the pressurized detector. It,is 

important that the detector chamber include baffling sur- 

faces and recirculation subchambers. This arrangement 

can plausibly be promoted by locating the flame in a 

relatively high velocity region of the oxysen. It will 

minimize the effect of the free-convection currents which 

constitute the driving mechanism of the circulation. 

Determination of the flame noise level, after the 

aerodynamic disturbances have been minimized, will establish 



the maximum signal-to-noise ratio of the detector. 

Obviously, if the signal-to-noise ratio of a detector, 

considering only the aerodynamic flame noises, is smaller 

than the signal-to-noise ratio of the detector established 

by the blank current level, a study of the characteristics 

o f  the blank noise would be superfluous. However, i f  the 

converse is true, we should then study the possibility 
of  establishing the characteristics and sources of the 

blank in order to reduce it to a level comparable to the 
signal-to-noise ratio o f  aerodynamic flame noise. 



IY. OYEKATION AT REDUCED PRESSURES - 
4 
The FID perforluance is established by the atmospheric 

pressure constraint. The functional dependence is fundamentally 

, ascribed to pneumatic conditions defined by the hydrogen- 
helium, oxygen, and atmospheric pressures. Operation of an 

FID unit designed for relatively high atniospheric pressure 

specifications, e.g., 760 torr, is not possible below 

certain reduced pressures without major changes to the 

flame chamber and/or implementation of gas flow and pressure 

controls. 

A typical situation arising with commercial FID units 

is that which develops as the atmospheric pressure is reduced. 

As the H -He to atmospheric pressure ratio exceeds the critical 2 
pressure ratio, the linear velocity of the gas at the jet exit 

is equal to the acoustic velocity. Gas flow conditions at 

Mach one evidently do not permit the operation of an FID unit. 

The gas velocity at the jet exit will be approximately 

200,000 cm/s and the Reynolds nunber, 31,200. These are 

clearly turbulent flow conditions. The Reynolds nunber 

should be below 2,000 and is usually maintained below 100. 

Thus, the Reynolds number must be reduced by a minjmum 

factor of 200. Assuming the flame can be ignited and that 

the gas at the jet exit is at 1,000~ C, the Reynolds number 

will be reduced by a factor of 2.5 to 12,500 by gas viscosity 

increases. The diameter of the jet exit may be reduced but 

only by also reducing the flame diameter. The most effective 

way to reduce the Reynolds number is apparently by reducing 
the gas flow rate and delivery pressure. 

For operation at an atmospheric pressure of 5 millibars, 

the delivery pressure must not exceed 10 millibars to prevent 



a choicd conditi'on ak the jet exit and 6 millibars to 

produce favorable gas flow and pressure conditions. A 

relatively low gas flow rate will result. Thus, a small - .  
flame with a correspondingly small signal will be prcduced. 
A flat flamc can be employed to advantage in this application 
to increase the signal and stabilize the flamc. Other problems 

exist in igniting the FID. Aerodynamic, chemical, and heat- 
transfer effects affect the ignition characteristics at reduced 

pressure to compound the problem. As reported earlier, a 
combustible mixture or only a premixed flame can be ignited. 

Thus, the gas velocity at the ignitor surface or the region 
adjacent to the reaction zone of the diffusion flame must 
never exceed the flame-front propagation velocity of the 

premixed flame. The flame propagation velocity has been 
estimated never to exceed 20 cn/s. Therefore, the velocity 
profile of the expanding gas jet must be controll.ed to a 
degree where ignition of the diffusion flame can be achieved. 
Thus, the flame will detach itself from the jet tip due to 
excessive gas-jet velocity. Also, a relatively large degree 
of fuel and oxidant mixing will occur in the transition 
region where the gas velocity decreases. The ion concen- 
tration gradients normally experienced with diffusion 
flames will be distorted. The degree of flame detachment 

will prohibit using the jet tip as the positive electrode 
because of the relatively large distance the electrons will 
be required to traverse despite their large mobility. All 
these processes determine the critical location of the ignitor 
within the FID chamber. 

The 5-millibar reduced pressure condition appears to 
have excluded the possibility of igniting the commercial 

detectors at our disposal. Calculations also indicated 
the FID would be outside the flammability limits for ignition. 



The gas veloci,t)t appears to b e  greatcr than the flame- 

front propagation vclocity in the region of the ignitors. 
The ignitors of the detector ha3 to be altered to perrnj 

changes of their effective location. Higher ignit-11. 
surface temperatures were required to supply sufficient 
power for ignition. An increase i i i  che ..gnitor surface area 

would have helped for identical reasons. It is also possible 

that the flan~e will extinguish itself if the direction of 
flame propagation is not correct. This condition arises 

when the relative position of the ignitor and reaction zone 
of the diffusion flame permits flamc propagation in the 
direction of a iean combustible mixture only. This possibi- 
lity is enorfiiously increased with detached flames possessing 
relatively large premixed regions. 

Some of the problems in reduced-pressure operation were 
alleviated by restricting the gas flow from the combustion 
chamber to the atmosphere. The FID would operate at higher 
gas pressures and gas flow rates. It was analytically deter- 
mined that other problems, however, are introduced with this 
design. A t  5-millibars pressure, the boiling point of 
water is lo C. Pressurization of the chamber increases 
the boiling point, e.g., at 50 millibars, the boiling point 
is 39' C. The temperature of the chamber walls and all 
components must be maintained above-the water boiling 
point to prevent condensation. These problems were experienced 

with one of the commercial detectors whose flow from the 
chamber is restricted to only a small degree. The amount 

of restriction required for this application will probably 
be much greater. It is likely that the chamber can be heated 
above the boiling point and maintained a t  a giv5n temperature 
with only heat of combustion. Nevertheless, the commercial 



detectors studied were equipped with heating elements and 

temperature indicstors and controls for the warmup phase. 

Another problem associated with flow restriction of 

the chanber is that of reaching chemical equilibrium of 
the combustion products in the chamber within a reasonable 

time. The partial pressure of water vapor will co~stantly 

change until equilibrium is attained. During this tine, 

flame tmperatures drop and the FID response changes conti- 
nually. It is not certain to what extent this condition 
will affect the signal in time: 



V. TEST RESULTS OF I G N I T I O  ;LISTION AT REDUCED PRESSI --- JRES - 

Experimental investigation of commercial FTn operation 

at reduced pressures demonstrated that combustion, ignition, 

ion distribution, and strucrural characteristics of flarnps 

are considerably altered by operation at reduced pres;ures. 

Also, the pneumatic conditions -arising at reduced pressures 

promoted turbulent noisy flames. At sufficiently reduced 

pressures, it is not possible to initiate flame ignition 

and sustain flame combustion. Analytical and experimental 

investigations show that approximate ignition and combustion- 

reduced pressure limits are 200 and 100 t o n ,  respectively. 

TEST APPARATUS 

The test equipment and configuration required to 

obtain maximum information from test results is of great 

importance. Therefore, the equipment used to support this 

study is described according to the major classifications 

of test functions. 

Gases 

Matheson high-grade chromatography gases were utilized 

to insure accuracy. Ultra-pure oxygen, hydrogen and helium 

were used to perform precise blank current measurements. 

Hydrogen diluted with 5% or 2/10% methane was used to measure 

detector efficiencies with simulated steady-state samples. 

Filters 

Chemical Research Corporation ~ri~ite-desiccant 

filters were placed in all gas lines to assure minimal 



contaminatio~i due to handling. These filters were spccific- 

ally designed to remove moisture axid oil. 

Valves 

Matheson high-grade chromatography metering valves 

and Hoke chromatography toggle valves proved to be excel- 

lent for highly sensitive control of gas systems. 

Reguiators -- 

Matheson high-grade chromatography regulators provided 

accurate control of delivery pressure f c r  all gas lines. 

Flow Meters 

Matheson predictability flow meters were used in conjunc- 

tion with adjustment curves compensating for the type cf gas, 

temperature, and pressure. 

Pressure FIoni tors 

Two types of pressure detection systems were applied. 

A Cenco mercury manometer was used to monitor pressures with 

absolute values less than one atmosphere. Sensitive Consoli- 

dated Electro-Dynamics potentiometric pressure transducers 

were used to monitor pressures with absolute values from 

one to three atmospheres. . 
Vacuum System 

The vacuum system consisted of a Cenco My-Vac mechanical 

and diffusion pump. Ajean ~ a c - ~ r o n i c s  feedthroughs and seals 

aided in obtaining a well-defined subatmospheric environment. 



Plumbing 

Swagelok,Tylok and Gyrolok gas fittings and tubing 

were used i n  all plumbing applications. 

An ~ ~ ~ - d e s i g n e d  and -tested electrometer monitored 

detector currents. This solid-state electrometer was chosen 

because of its high input impedance, low noise, fast res- 

ponse ay-' mechanical range switching capabilities. 

Thermocouple Sys ten 

Ice-bath-referenced, iron-constantan thermocouples 

with a potentiometric readout were used for temperature 

monitoring. 

Power Supplies 

In general, it was possible to use standard laboratory 

supplies. Two special applications required a 6-V high- 

current supply and a Power Design 5005 precision milli.volt 

source. The 6-V supply was used for the hot wire ignitor 

and consisted of a Variac and a 6-V filament transformer. 

Detectors 

Beckman GC-4, Perkin Elmer 900', Perkin Elmer 226 ,  and 

Mino-Tek standard detectors were used. 
-b 

IGNITION AT REDUCED PRESSURES 

Ignition of a diffusion flame is accomplished by heat- 

ing a given minimum volume of gas in one of its premixed 



r eg ions  t o  i t s  i g n i t i o n  t empera tu re .  The premixed r e g i o n s  

i n c l u d e  t h e  a r e a  a t  t h e  base  of t h e  f lame n e a r  t h e  rim of  

t h e  j e t  t i p  o r  an a r @ a  downstream where s u f f i c i e n t  hydro-  

gen and oxygen mixing has  occur red  by a  d i f f u s i o n  p r o c e s s .  

I g n i t i o n  f a i l u r e  may r e s u l t  because  t h e  supply  of  

i g n i t i o n  power t o  t h e  premixed quenching volume i s  i n s u f -  

f i c i e n t  ( t h e  combust ib le  mix tu re  a t  t h e  i g n i t o r  be ing  o u t -  

s i d e  t h e  compos i t iona l  f l a m m a b i l i t y  l i m i t s ) ,  and becausc  

t h e  gas  v e l o c i t y  exceeds t h e  f l a m e - f r o n t  p ropaga t ion  v e l o -  

c i t y  a t  any p o i n t  between t h e  i g n i t o r  s u r f a c e  and t h e  

r e a c t i o n  zone of t h e  f lame.  

The minimum power requiren1,ents f o r  i g n i t i o n  a r e  

r e l a t e d  t o  t h e  i g n i t i o n  s u r f a c e  t empera tu re  and i t s  

exposed s u r f a c e  a r e a .  F i g u r e  1 i l l u s t r a t e s  t h e  r e l a t i o n -  

s h i p  of  t h e s e  pa ramete r s  t o  t h e  premixed gas  Reynolds 

number a t  t h e  i g n i t o r .  A s  Reynolds number i s  i n c r e a s e d ,  t h e  

s u r f a c e  t empera tu re  o f  a  h o t  w i r e  i g n i t o r  must be cor respond-  

i n g l y  i n c r e a s e d  t o  p r o v i d e  s u f f i c i e n t  i g n i t i o n  polser t o  t h e  

quenching volume. Higher t empera tu res  a r e  r e q u i r e d  t o  t r a n s -  

m i t  t h e  power because t h e  c o n t a c t  t ime of  a  gas  p a r t i c l e  w i t h  

t h e  h o t  s u r f a c e  i s  reduced a s  Reynolds number i s  i n c r e a s e d .  

F igure  1 a l s o  i l l u s t r a t e s  t h e  importance o f  t h e  pneumatic 

c o n d i t i o n s  and p o s i t i o n  of  t h e  i g n i t o r  w i t h i n  t h e  FID cha.mber. 

I t  must be l o c a t e d  i n  a  r e g i o n  where t h e  Reynolds number 

o f  t h e  combust ib le  mix tu re  never  exceeds t h e  l i m i t  d e f i n e d  
b .  

by t h e  w i r e  d i amete r .  A l so ,  a  combust ib le  mix tu re  must 

su r round  i t  and a  combust ib le  mix tu re  p a t h  between t h e  

i g n i t o r  and t h e  j e t  t i p  must e x i s t .  An impor tan t  a s p e c t ,  

n o t  d i r e c t l y  shown i n  F igure  1, i s  t h a t  t h e  g a s  v e l o c i t y  

must never  exceed t h e  f l a m e - f r o n t  p r o p a g a t i o n  v e l o c i t y .  





A t  reduced p r e s s u r e s ,  t h e  conver sc  i s  q u i t e  l i k e l y  t r u c  

when t h e  gas f low r a t e s ,  hydrogcn Reynolds nuluber a t  t h e  

j e t  t i p ,  and blach numbcr a t  thc j e t  t i p  a r e  no t  i n t e r -  

r e l a t e d  i n  a  s p e c i f i e d  manner and ma in ta ined  w i t h i n  p r e -  

s c r i b e d  limits. The c o n d i t i o n s  become u n s a t i s f a c t o r y  a t  t h e  

p o i n t  where t h e  chan~ber  p r e s s u r e  i s  low enough t o  promote 

t u r b u l e n c e  i n  t h e  expanding g a s e s .  

F igures  2 and 3 i l l u s t r a t e  t l e  p r e l i m i n a r y  r e s u l t s  

of  t e s t s  t o  e s t a b l i s h  t h e  i g n i t i o n  c h a r a c t e r i s t i c s  of  a 

commercial d e t e c t o r  f o r  which a  r e l a t i v e l y  s h o r t  r e a c t i o n  

zone i s  o b t a i n e d .  I n  t h i s  c a s e ,  t h e  f lame i s  quenched i n  

t h e  premixed r e g i o n  by the- l e t a l l i c  j e t ,  A n o n m e t a l l i c  

j e t  t i p  w i l l ,  o f  c o u r s e ,  ex tend  t h e  lower f low r a t e  limit 

because it does n o t  p o s s e s s  any r r ~ a j ~ ~  conduc t ive  h e a t  

t r a n s f e r  p r o p e r t i e s .  

Another impor tan t  a s p e c t  o f  f lame conbus t ion  c h a r a c t e r -  

i s t i c s  no t  shown i n  F i g u r e  3 i s  t h e  detachment o f  t h e  flame 

from t h e  j e t  t i p .  A t  h i g h  chamber p r e s s u r e s ,  t h e  f lame 

e x h i b i t s  t h e  normal c o n i c a l  shape  w i t h  an approximate 

h e i g h t  o f  0.125 i n c h e s .  A s  chamber p r e s s u r e  and hydrogen 

f low r a t e  a r e  reduceci, t h e  f lame h e i g h t  i s  s h o r t e n e d  c o r -  

r e spond ing ly .  A t  a  chamber p r e s s u r e  of  approximate ly  

300 t o r r ,  t h e  f lame d e t a c h e s  i t s e l f  from t h e  j e t  t i p .  

F u r t h e r  r e d u c t i o n s  i n x h a m b e r  p r e s s u r e  and hydrogen f low 

r a t e  d imin i sh  t h e  f lame h e i g h t  s t i l l  f u r t h e r  and t h e  

detachment d i s t a n c e  i s  i n c r e a s e d .  A t  chamber p r e s s u r e s  

n e a r  100 t o r r ,  t h e  f lame h e i g h t  and t h e  detachment d i s -  

t a n c e  a r e  bo th  approximate ly  0.06 i n c h e s .  The f lame 

d iamete r  was approximate ly  t h a t  o f  t h e  j e t  t i p ,  0.025 i n c h e s ,  

and t h u s  assumes a  more hemispher i ca l  t h a n  c o n i c a l  shape .  







The ignition and flame combustion pressure character- 

istics of FID units estabiish to a large degree the design 
constraints of the chamber. Figures 2 and 3 establish the 

lower pressure limit at 190 and 100 torr for ignition axd 
flame cornbustion, respectively. Therefore, the chamber 

pressure and vent port characteristics are constrained to 

these pc-riormance limits. It may be desirable to operate 
the FID at higher chamber pressures in order to attain larger 

flames with correspondingly larger signals and the capacity 

to ionize more of the hydrocarbon sample. 

Pressurization of the FID chamber is accomplished by 
increasing the total gas flow rate in the chamber and/or 

by incorporating 2 restrictor at the chaniber exit. Figure 4 
graphically illustrates the relationship between the length, 

diameter, flow rate, and pressure drop of a capillary 

restrictor. Since weight, space, and ease of operation are 

prime factors in the design of the FID unit, a restrictor 

diameter below 0.015 inches will be required to maintain its 

length to a few inches. Two restrictors, comprised of 0.010 
L 

and 0.006-inch tubes were fabricated and assembled. Tests 

were then conducted to assess the detector. The detector 
failed to ignite completely below chamber pressures of 

150 mm Hg. Other ignition failure limits were established 

at lower and upper hydrogen gas flow rates. The upper limit 

was established by a gas velocity which exceeded the flame- 

front velocity. The temperature of the ignitor surface may 

also have been too low to supply sufficient power to the gas. 

The lower limit in the lower chamber pressure regions also 



f a i l e d  t o  i g n i t e  f o r  t h e  i d e n t i c a l  r easons .  At h i g h e r  
chamber p r e s s u r e s ,  i g n j t i o n  f a i l u r e  was p r i m a r i l y  due t o  

t h e  u n a v a i l a b i l i t y  of  c o m l ~ u s t i b l c  mix tu res  i n s i d c  t h e  
compcsi t i o n a l  f l a ~ n n l a b i l i t y  limits. 

The shape and limits o f  t h e  i g n i t i o n  r e g i c n  can 

be s i g n i f i c a n t l y  changed by r e l o c a t i n g  t h e  i g n i t o r .  Thus, 
dependcncy on t h e  chsnlbzr p r e s s u r c ,  t h c  l o c a t i o n  of  t h e  

i g n i t o r  and i t s  relationship t o  t h e  gas  v e l o c i t y  p r o f i l e  

w i t h i n  t h e  chaniber a r e  impor tan t  desigl i  c o n s i d e r a t i o n s .  

FLANE CDNBUST I O N  C I l A M C T ' E R I S T I t '  . . T REDUCED PRESSURES - .. - 

The s i z z  and shapc of t h e  flame a r e  e s t a b l i s h e d  by 

t h e  hydrogen f lo l i  r a t e ,  chanbcr  p r e s s u r e ,  and t h e  flanle 

h o l d c r  shape .  F igure  3 i l l u s t r a t e s  t h e  p r e l i m i n a r y  r e s u l t s  

of t e s t s  t o  e s t a b l i s h  some of  t h e  flanle combustion cha rac -  

t e r i s t i c s  o f  a  commercial d e t e c t o r  employing a  c i r c u l a r  

j e t  t i p .  A flame cannot  be s u s t a i n e d  a t  chamber p r e s s u r e s  

below 100 mm Hg. A s  chamber p r e s s u r e  i s  i n c r e a s e d ,  l a r g e r  

hydrogen f low r a t e s  a r e  r e q u i r e d  t o  s u s t a i n  a  f lame.  

' f  

The upper f low r a t e  l i m i t  i s  e s t a b l i s h e d  by t h e  maxi- 
mum hydrogen gas  v e l o c i t y  p r i o r  t o  exceeding  tLe f lame-  

f r o n t  v e l o c i t y .  A s  t h e  hydrogen f low r a t e  i s  i n c r e a s e d ,  

t h e  g a s  v e l o c i t y  i n c r e a s e s  and e v e n t u a l l y ,  t h e  f lame i s  

blown away. T h i s  c o n d i t i o n  a r i s e s  from t h e  n a t u r e  and 

s t r u c t u r e  of  d i f f u s i o n  f lames  which p o s s e s s  a p rcn ixed  

f lame s t r u c t u r e  a t  t h e  base  o f  t1.e f lame a d j a c e n t  t o  

t h e  r i m  o f  t h e  j e t  t i p .  Consequent ly ,  t h i s  r e g i o n  w i l l  

e x h i b i t  a f l a m e - f r o n t  v e l o c i t y  which p ropaga tes  i n  a 

d i r e c t i o n  o p p o s i t e  t o  t h a t  of  t h e  j e t  gas  v e l o c i t y .  In  



t h e  lower FIL) chan~bcr  p r e s s u r e  r c g i o n  of t h e  lower f low 

r a t e  l i ~ n j t ,  t h e  flame i s  blown away f o r  i d e n t i c a l  r easons .  

Hoxcvcr, a t  t h e  h i g h c r  FIII p r e s s u r e s  of t h e  lower f low 

r a t e  l i m i t ,  t h e  f lame i s  s e v e r e l y  reduced i n  h e i g h t  t o  

i g n i t i o n  and i lamc cornbustion c h a r a c t e r i s t i c s  of  t h e  

FII)  charnbcr. 

Fvndamental p r o b l e n ~ s  were i n t r o d u c e d  t o  t h e  d e t e c t o r  

when i t  w - o p e r a t e d  w i t h  a  p r e s s u r i z e d  u n i t .  I t  i s  c e r -  

t a i n  t h a t  *ne e q u i l i b r i u m  p a r t i a l  p r e s s u r e  o f  oxygen, 

hel ium an3 wa te r  vapor  i n  t h e  chamber w i l l  be p r o p o r t i o n a l  

t o  t h e  r e s p e c t i v e  gas  f low r a t e s .  Thus, o p e r a t i o n  a t  

gas  f low r a t e s  s u i t a b l e  f o r  an open d e t e c t o r  w i l l  1 . i e l d  

water  vapor mole i z a c t i o n  betwccn 0 .30  a n d  0 . 3 5 .  T h i s  

gas  composi t ion  i s  no t  conducive t o  s u s t a i n i n g  a  s t a b l e  

f lamc.  According t o  mass a c t i o n  c o n s i d e r a t i o n s ,  t h e  flainc 

conlrustion p r o c e s s  r a t e  shou ld  be di lninished.  

The FID v e n t  p o r t  c h a r a c t e r i s t i c s  a r e  i l l u s t r a t e d  

by F i g u r e  4 .  Opera t ion  a t  chamber p r e s s u r e s  above 25 mb 

w i l l  r e s u l t  i n  a  p r e s s u r e  r a t i o  a t  t h e  p o r t  e x i t  above 

t h e  c r i t i c a l  va lve  and,  t h e r e f o r e ,  an exhaus t  gas  Mach 

Number of  1. The ven t  p o r t  l i n e  l e n g t h  r e q u i r e d  t o  ach ieve  

t h e  r e q u i r e d  f low r e s t r i c t i o n  and p r e s s u r e  drop  i s  g iven  

by t h e  e q u a t i o n  below: 

L = vent  l i n e  l e n g t h ,  FT, 

v ' =  exhaus t  gas  d e n s i t y ,  Ib/FT 3 

f = gas  r r i c t i o n  f a c t o r ,  d i m e n s i o n l e s s ,  





w = exhaus t  g a s  f low r a t e ,  l b / s e c ,  

AP = p r e s s u r e  drop through vent  l i n e ,  lb/FT 2 

D = ven t  l i n e  d i amete r ,  F T ,  

A v e n t  (0 .025- inch  d iamete r )  exhaus t ing  gas  a t  t h e  

r a t e  of- 100 cc/min. will r e q u i r e  3 .3 ,  6 .6 ,  and 9 . 9  feet: 

o f  l i n e  t o  promote chambcr p r e s s u r e s  of  100, 200, and 500 t o r r ,  

r e s p e c t i v e l y .  Th i s  appears  t o  be an e x c e s s i v e  amount o f  

t u b i n g  f o r  such a sma l l  d i amete r .  I t  can b e  i n c o r p o r a t e d  

i n t o  t h e  d e s i g n  on1.y by i ~ c r e a s i n g  t h e  FID cha-nbcr dimen- 

s i o n s .  A chaniber w i t h  a  l - i n c h  i n s i d e  d i a m e t e r  w i l l  r e q u i r e  

appros i rnz te ly  1 . 5 ,  1, and 0 .5  i n c h e s  of  s t a c k e d  c o i l s  t o  

prod~!ce a chamber p r e s s u r e  o f  100 ,  200, and 300 t o r r ,  

r e s p e c t i v e l y .  

An a l t e r n a t e  method of  p r o v i d i n g  t h e  f low r e s t r i c t i o n  

i s  t h a t  lihich u t i l i z - e s  a  porous me ta l  p l a t e  a s  one s i d e  o r  
, 

end of  t h e  ci>amber. This  t y p e  o f  r e s t r i c t o r  has  t h e  d e f i -  

n i t e  advantage o f  p r o v i d i n g  a  more uni form f low p a t h  ove r  

a  r e l a t i v e l y  wide a r e a .  

Heat l o s s e s  w i l l  i n c r e a s e  by O.CO114 W/'F above t h e  

envi ronmenta l  t empera tu re  o r  a p p r o x i n a t e l y  0.75 W when 

t h e  chamber t empera tu re  i s  126' F and t h e  envi ronmenta l  

t empera tu re  i s  -40' F. F igure  5 i l l u s t r a t e s  t h e  thermal  

c h a r a c t e r i s t i c s  of  t h i s  d e t e c t o r .  
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STEADY STATE POWER REQUlilED = 0.059 w P F  . , 



VI . PKE-PKOI'OTYPE DETEC'I'OR AND TESTS 

ATC DETECTOR DESCRIP'I'I OM 

The p r e - p r o t c t y p c  d e t e c t o r  was f a b r i c a t e d  p r i m a r i l y  

from aluminum w i t h  t e f l o n  o r  KEL-F s e a l s  a t  t h e  mechanical  

i n t e r f a c e s .  

F igure  6 i s  a s k e t c h  o f  t h e  d e t e c t o r  and F i g u r e s  7  

and 8 a r e  photographs o f  t h e  u n i t  used i n  t h i s  s t u d y .  The 

d e t e c t o r  has  two c u r v e d - p l a t e  e l e c t r o d e s .  The h o t  w i r e  

i g n i t o r  i s  p l a c e d  n e a r  t h e  w a l l  about  1 i n c h  above t h e  j e t  

t i p .  A l l  e l e c t r i c a l  connec t ions  and bo th  g a s  c o n n e c t i o n s  

a r e  r o u t e d  through t h e  base  o f  t h e  d e t e c t o r .  The oxygen 

i n l e t  t e r m i n a t e s  a s  i t  e n t e r s  t h e  b s s e .  The oxygen i s  then  

dumped i n t o  a  chamber below t h e  b a s e ,  which i s  r i n g e d  w i t h  

h o l e s  t o  a l low t h e  oxygen t o  d i f f u s e  up~t -ard .and  around t h e  

j e t  t i p .  

The d e t e c t o r ' s  t o p  cap  i s  removable and has  a  7-cm, 

0.010-inch c a p i l l a r y  r e s t r i c t o r  v e n t i n g  t h e  g a s e s  t o  t h e  

atmosphere.  The p r e s s u r e  drop  a c r o s s  t h e  r e s t r i c t o r  i s  

about  0.7 atmospheres  a t  envi ronmenta l  vacuun. 

A number o f  compromises were n e c e s s a r y  i n  t h e  d e t e c t o r  

d e s i g n  because t h e  schedu le  d i d  n ) t  pe rmi t  t h e  i n c o r p ~ r a t i o n  

of l o n g - l e a d  i t ems  o r  p r o c e s s e s .  The compromises t h a t  were 

made d i d  n o t  a d v e r s e l y  a f f e c t  t h e  p r i n c i p a l  g o a l  o f  o p e r a t i n g  

t h e  d e t e c t o r  under  p r e s s u r e ,  b u t  shou ld  b e  avoided  i n  f u t u r e  

models. The f o l l o w i n g  a r e  t h e  recomniended changes: 

1. Glass h e a d e r s  f o r  e l e c t r i c a l  and g a s  c o n n e c t i o n s .  







Plated or anodized aluminum. 

Insulated jet tips. 

Porous metal vent. 

Replaceable jet tips. 

Replaceable electrodes. 

. DETECTOR TEST SU3BlARY 

The following is a brief summary oZ results of tests 

conducted on the pre-prototype detector. Figures 9 and 10 

are ~?c.'tographs of the detector vacuuin test setup. The 

principal problern during the testing was the maintenance 

of leak-tight mechanical interfaces. 

A. Sensitivity 

At 760 torr (1 atmosphere) environmental pressure 

and temperature stabilized at 153' C at top of 

detectrr and 120' C at bottom of detector after 
5 minutes of operation, the sensitivity measured 

was 

C 
. '*I7 g-atm c 

B. Internal Ignition Pressure at Environmental Pressure 

of 1 Earth Atmosphere 

A t  vent-cap temerature of 160' C (attained after 

5 minutes of operation), detector ignited and sus- 

tained flame for internal pressure of 2.3 atmos- 

pheres or greater. 







VII .  GAS SYSTEN AX11 FYKOLkSlS STUDIES 

The g a s - h m d l i n g  and pneumatic sys tem,  t h e  sample 

i n j e c t i o n  syster.!, and t h e  p y r o l y z e r  Kcre exami.necl on ly  

b r i e f l y  b e f o r e  i t  became apparen t  t h a t  an ex t remely  

thorough i n v e s t i g a t i o n  of  t h e  flame i o n i z a t i o n  d e t e c t o r  

deserve2  t o  be g iven  p r i o r i t y .  S e v e r a l  means f o r  

supply ing  gases  and i n j e c t i n g  sa:nples i n t o  t h e  p y r o l y z e r  

were s t u d i e d ,  and t h e  r e s u l t s  a r e  d e s c r i b e d  h e r e .  

The f i r s t  method cons ide red  f o r  supp ly ing  g a s e s  was 

a  s e l f - g e n e r a t i n g  s y s t m  where l f a t e r  i s  e i t h e r  e l e c t r o l y z e d  

o r  some chemica l ly  a c t i v e  compound, such  a s  l i t h i u m  hydro-  

x i d e ,  i s  added. I n  t h i s  manner, hydrogen and oxygen g a s e s  

a r e  produced w i t h i n  t h e  sys tem,  and s a v i n g s  i n  weight  o f  

p r e s s u r e  v e s s e l s ,  v a l v e s ,  and gas  c o n d u i t s  r e s u l t .  How- 

e v e r ,  two primary d e s i g n  problems r e l a t e d  t o  t h e  c o n t i n u a l  

p roduc t ion  of  g a s e s  and t h e  achievement of  h igh  p r e s s u r e s  

a r e  a s s o c i a t e d  w i t h  s e l f - g e n e r a t i n g  sys tems.  N e v e r t h e l e s s ,  

i t  appears  t h a t  t h e  p r e s s u r e  o f . t h e  g a s e s  produced cou ld  

be s u f f i c i e n t l y  h i g h ,  i f .  t h e  d e t e c t o r  system i s  o p e r a t e d  

a t  reduced p r e s s u r e s .  I f  helium o r  sonie o t h e r  d i lue r , t  

gas  i s  r e q u i r e d ,  i t  w i l l  p robably  b e  s t o r e d  and mixed i n t o  

t h e  s e l f - g e n e r a t e d  g a s e s .  

A second means of p r o v i d i n g  g a s e s  i s  t o  c a r r y  a 

combust ib le  mixture  w i t h  t h e  d e t e c t o r  systerc and f e e d  

i t  d i r e c t l y  i l t o  t h e  f lame d e t e c t o r .  - T h i s  system, however, 

has  t h e  d i sadvan tages  o f  a  h i g h  e x p l o s i o n  haza rd  and a  

d e t e c t o r  o p e r a t i n g  w i t h  a  premixed f lame.  



Gases can also be furnished by carrying the hyzrogen 
and oxygen separately in supply tanks and feeding them 

into thc hydrogen flame detector. Optimum hydrogen and 

oxygen flow rates and delivery pressures can easily be 
achieved with valves, regulatcrs, and a mixing chamber. 
This, of course, is acco~nplished at the expense of a weight 
penalty. 

Sever21 c~eans of injecting a sample into the pyrolyzer 
were also investigated. A device comprised of a helical 
rotating screw ericlosed by a cylindrical sleeve appears to 
be adequate. It processes and transports the soil to the 
pyrolyzer and indicates when it i *  filled. The major 
problems associated with it are jamming o f  the screw and 
integration with the pyrolyzer. 

An integrated pneumatic sample acquisition and sample 
injection system was also examined. Although its mechanics1 

moving parts were reduced to those concerned only with 
deployment and alignment, it seriously limited the acquisi- 
tion of surface layer samples consisting only of fine dust. 
A. relatively large press~rized gas supply with the attendant 
penumatic system and contrqls is also required. 

The requirements of the pyrolysis chamber were investi- 
gated to help define tiia number of analyses to be conducted, 
the average size of the soil sample and the chamber design 
and coniiguration. Sample injection indicators, chamber 
sealing methods, and chamber heating techniques were con- 

ceived and preliminary calculations were made to establish 
their feasibility a n i  performance characteristics. 



VIII .  CONCLUSIONS --- - 

This  s t u d y  has  r e s u l t e d  i n  t h e  u n i f i c a t i o n  cf hydrogen 

flame i o n i z a t i o n  d e t e c t o r  technology and t h e  f d b r i c a t i o , ,  of 

a  p r e - p r o t o t y p e  d c t c c t o r  which i g n i t e s  and s u s t a i r l p  a flame 

i n  ii vacuum. I t s  s e n s i t i v i t y  i s  e q u i v a l c n t  t o  t h e  b e s t  

c o m e r c i a 1  d e t e c t o r s  a v a i l a b l -  and i g n j - t i o n  c h a r - ~ i c t e r i s t i c s  

a r c  s u p c r i o r .  

The d e t e c t o r ,  however, i s  n o t  ready t o  be u t i l i z e d  

f o r  carbon a n a l y s i s  i n  t h e  Ivlars Lander.  D e t e c t c r  o p e r a t i o n  

i n  a p r e s s u r i z e d  chamber impar t s  u n d e s i r a b l e  c h a r a c t e r i s t i c s  

a s s o c i a t e d  w i t h  flame n o i s e  and s t a b i l i t y  due t o  i n t e r n a l  

serodynan~ic  d i s t u r b a n c e s  and wa te r  condensz t ion .  

The s tud ,  has  e s t a b l i s h e d  wi th  a  yeasonable  degree  of  

c e r t a i n t y  t h e  funtianlental changes which x u s t  bs made t o  t h e  

d e t e c t o r  and i t s  e lements :  t h e  j e t  t i p ,  t h e  e l e c t r o d e s ,  

gas d e l i v e r y  modes, and t h e  i n t e r n a l  aerodynamic des ign .  

I n  a d d i t i o n ,  t h e  s tudy  has p e r m i t t e d  t h e  d e f i n i t i o n  of  a 
p r e l i m i n a r y  des ign  and t h e  t echn ic ' i l  problems u n d e r l y i n g  

t h e  development of  a spaceworthv p r o t o t y p e  f l i g h t  d e t e c t o r .  
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